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Dear Sirs,
The striking paradox of pure autosomal dominant heredi-
tary spastic paraplegia (AD HSP), in contrast to capsular
stroke or primary lateral sclerosis, for example, is that
despite extensive corticospinal tract (CST) degeneration
and prominent lower limb spasticity, leg weakness is not a
prominent early feature of the disease. Therefore, other
descending motor pathways presumably compensate for
CST degeneration, though, until the recent article by
Nonnekes et al. [1] in the Journal of Neurology, this
assumption had remained unproven. Using startling
acoustic stimuli (SAS), they showed that the reticulospinal
tract (RST) is not only functioning in patients with HSP,
but that it compensates for lower limb deficits of postural
control caused by CST degeneration.
In most patients with pure AD HSP, electrophysiologi-
cal evidence of CST disease is limited to the lumbosacral
cord [2]. However, some AD HSP genotypes (e.g., SPG4)
are associated with a more severe phenotype and have
motor-evoked potential (MEP) abnormalities in the upper
limbs [3–5], consistent with post-mortem evidence of CST
degeneration at all levels, from the medulla to the lumbo-
sacral cord [6].
We tested MEPs (see Supplementary Methods) in two
patients (father and son) with SPG31 AD HSP (REEP1
exon 5 c.337C [ T/p.Arg113X [7]). In patient 2 (age 42;
disease duration 37 years) MEPs were ‘typical’ of pure AD
HSP [8], with prolonged central motor conduction times
(CMCTs) in the lower limbs (CMCT 22.2 ms) and normal
CMCTs in the upper limbs. However, in patient 1 (age 68;
disease duration 64 years) CMCTs were significantly pro-
longed in the upper limbs (Fig. 1).
Given the absence of clinical upper limb weakness in
patient 1, we measured EMG onset latencies in a Start-
React paradigm to see whether the RST might be com-
pensating for the CST deficit in the upper limbs [9–11]
(Supplementary Methods), as illustrated in Fig. 2a.
Experiments had the relevant institutional ethical approval
and complied with the Declaration of Helsinki, and were
performed in both patients and 11 controls, aged
56–82 years. Traditionally, the effects of SAS on the visual
reaction time (VRT), and the visual start-react time
(VSRT), are normalized, thus:
DVRT %ð Þ ¼ VRT  VSRTð Þ
VRT
 100: ð1Þ
The normal DVRT is *50 % [9], and a DVRT of less
than 50 % is indicative of disease affecting the RST.
However, because we were interested in measuring any
change in the gain of the RST output, accessed via auditory
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pathways, we have used a ratio that incorporates the
auditory reaction time (ART) following a low-intensity
sound, as follows:
DTSR=DTAR ¼ ðVRT  VSRTÞðVRT  ART) ð2Þ
where DTSR is the shortening effect of a SAS on the visual
reaction time and DTAR measures the shortening of reac-
tion time provided by a non-startling auditory stimulus,
which presumably does not activate RST pathways. The
results of this analysis are shown in Fig. 2c, d. Patient 2,
who had no evidence of cervical CST disease, had normal
DTSR/DTAR ratios. However, patient 1, who had MEP
evidence of cervical CST disease, had significantly
increased ratios, but only when measured from biceps
brachii EMG, despite normal ARTs and VRTs (Supple-
mentary Results/Fig. 2). This result supports the notion
that the RST mitigates the effects of disease within the
cervical CST. The RST appears to compensate by
increasing its output gain by a factor of around 1.5.
Although the RST does project to both proximal and distal
upper limb muscles [12], the effects of SAS are only seen
in distal muscles in some tasks [13], possibly explaining
why we detected differences only in the biceps muscle.
These observations suggest that therapeutic interventions
aimed at increasing the gain of RST outputs could
improve recovery from neurological disorders character-
ized by CST dysfunction.
Fig. 1 Examples of rectified motor-evoked potentials (MEPs)
obtained from a 68-year-old patient with SPG31/REEP1 HSP (black)
and an age-matched control (grey), aligned to the stimulus. a Upper
limb MEPs recorded from right first dorsal interosseous (R FDI) and
extensor digitorum (R EDC) muscles and evoked with a single
transcranial magnetic stimulus (indicated by an arrow) at 70 % of
maximum stimulator output (MSO), equivalent to 1.9 times the active
motor threshold (AMT; for details see Supplementary Methods). Each
trace is an average of 20 individual MEPs. Voltage calibration bars
apply to both patient and control MEPs. b Lower limb MEPs recorded
from right extensor digitorum brevis (R EDB) and tibialis anterior (R
TA) muscles using a stimulus strength of 1.6x AMT (70 % MSO).
c Right upper limb (FDI) central motor conduction time (CMCT).
d Right lower limb (EDB) CMCT. In c and d, peripheral motor
conduction times were subtracted from the FDI and EDB MEPs
shown in a and b, revealing the CMCT and the result plotted on a
longer time base. Solid vertical lines show the mean CMCT within
the normal population (aligned to the start), and the grey boxes
between vertical dashed lines extend two standard deviations above
and below the mean [14]. Arrow heads indicate MEP onset
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Fig. 2 a Example of normal raw rectified EMG data recorded from
right biceps brachii in a 61-year-old male control subject performing
the Start-React task. The EMG burst from which the VRT was
measured is plotted in black, that from which the ART was derived is
plotted in grey and the VSRT response is plotted in red. b, c Mean
DTSR/DTAR ratios calculated from EMG onset latencies measured in
Start-React experiments are plotted. b Right first dorsal interosseous
(R FDI) and c right biceps brachii (R BB). Error bars are standard
error of the mean. Note that in patient 1, the R BB ratio is
significantly increased (one-sample t test; p \ 0.01)
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Supplementary Methods 
Electromyogram (EMG) recordings 
Surface EMG was recorded with disposable adhesive electrodes (Biosense Medical Ltd, 
UK) placed over first dorsal interosseous (FDI), extensor digitorum communis (EDC), 
flexor digitorum superficialis (FDS), biceps brachii (BB), extensor digitorum brevis 
(EDB) and tibialis anterior (TA), medial gastrocnemius (MG). Electrodes were 
positioned with a separation of approximately 20mm, such that the non-inverting contact 
was over the motor point and the reference electrode was over the tendon. Surface EMG 
Signals were bandpass filtered at 30Hz-2KHz before being digitized at 5KHZ by a 1401 
(CED, UK) interface, connected to a PC running Spike 2 (CED, UK) software.  
Motor evoked potentials (MEPs) 
Motor cortex was stimulated using a Magstim 200 stimulator (The Magstim Co Ltd, 
Whitland, UK). A 13cm outside diameter circular transcranial magnetic stimulation 
(TMS) coil was used for obtaining upper limb MEPs, with current direction optimised for 
activation of each hemisphere (A side up: left hemisphere; B side up: right hemisphere). 
Lower limb MEPs were obtained using a double cone TMS coil (anterior coil current: 
right hemisphere; posterior coil current: left hemisphere). Coils were initially placed over 
the vertex and then moved in small increments to optimise MEPs; stimuli were delivered 
at 0.2Hz. 
MEP threshold over motor cortex was determined whilst subjects provided a gentle 
background contraction. Active motor threshold (AMT) was defined as the stimulus 
intensity at which MEPs of at least 0.05 mV could be observed in 50% of stimulus-
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triggered EMG traces at rest or 0.2mV in active muscles [1, 2]. MEPs were recorded 
from FDI, EDC and FDS in the upper limb and EDB, TA and MG in the lower limb 
using adhesive electrodes while subjects maintained a background muscle contraction of 
~5% maximum voluntary contraction (MVC).  TMS output intensity was set at 2xAMT 
or the highest level tolerated by the patient (and at least 20% above AMT) to ensure 
accurate measurement of central motor conduction time [3]. If the threshold was >80% 
maximum stimulator output (MSO) then the stimulator was set to 100% (or the highest 
level tolerated by the patient). Central motor conduction time (CMCT) was calculated by 
subtracting the peripheral motor conduction time (PMCT) from the MEP latency. PMCT 
was calculated using the F and M response latencies as follows: 
     
       
 
 
Published normative data [4] was used to assess CMCTs. A MEP was considered to be 
abnormal if the CMCT was increased by more than two standard deviations compared to 
normative data. 
StartReact experiments 
The Start-React paradigm used in these experiments was modified from standard 
published procedures [5, 6]. Surface EMG was recorded from right FDI and BB. Subjects 
(and patients) were seated comfortably and asked to observe a red light-emitting diode 
(LED) located approximately 1m in front of them. When it was illuminated, they were 
required to immediately perform an upper limb flexion task; specifically, this comprised 
contraction of the right biceps muscle whilst making a fist with the hand. The LED was 
illuminated for 50ms. The latency from the stimulus to the onset of the EMG burst in BB 
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(or FDI) was defined as the visual reaction time (VRT). The VRT is typically 180-200 ms 
[7]. On some trials, the visual stimulus was co-presented with either a quiet acoustic 
stimulus (<95dB; 50ms) or a startling acoustic stimulus (SAS; >115dB; 50ms).  The time 
delay between co-presentation of the quiet acoustic stimulus to the onset of the EMG 
response was termed the auditory reaction time (ART), which is normally 140-160 ms 
[7], and the delay between the SAS and EMG onset defined the visual+startle reaction 
time (VSRT). Subjects/patients were excluded if they could not perform the task or if 
there was evidence of hearing impairment preventing measurement of the ART. 
At the start of the recording, there were 5 consecutive SAS; these were presented in order 
to habituate the startle. Patients were not required to respond to these stimuli. 
Subsequently, stimuli were randomized and presented with intervals of 5-10 seconds. 
Approximately 20 responses were recorded for each condition.  
The effects of SAS in the Start-React paradigm are mediated via the RST [8]. In order to 
compare the effects of startling stimuli in patients and age-matched controls we used a 
novel normalisation procedure, which also allowed us to estimate changes in the gain of 
reticulospinal outputs. Whilst both the ART and VSRT are mediated via the cochlear and 
vestibular nuclei, only VSRT activates the RST and thus the gain of the RST output can 
be estimated by: 
            
         
 
    
    
   
 
Demographics and raw numerical data obtained from 11 age-matched control subjects are 
tabulated below for FDI (Supplementary Table 1) and BB (Supplementary Table 2).  
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Data quality was inspected by eye before analysis in MATLAB (Mathworks, Natick, 
MA, USA). To investigate the effect of age on TSR/TAR we divided the control groups 
into two subgroups; a group of 6 aged less than 58 years and a group of 5 aged 58 years 
or more. We found no statistical difference between these groups and therefore for the 
purposes of investigating changes in RST output gain in HSP patients we treated this 
dataset as one. Moreover, although most controls were female, we found no statistical 
difference between male and female TSR/TAR ratios. 
 
Supplementary Results 
The results of Start-React experiments in 2 patients with REEP1 HSP are shown in 
Supplementary Table 3.  
The VRT and ART are thought to be mediated via the corticospinal tract whereas the 
VSRT is mediated by the reticulospinal tract. Potentially therefore, if the CST is severely 
diseased and the VRT and ART consequently pathologically prolonged, the ∆TSR/∆TAR 
ratio could be significantly increased without a change in RST gain (i.e. VSRT). To be 
certain therefore that any increase in the ∆TSR/∆TAR ratio was attributable to an increase 
in RST gain, we compared ART, VRT and VSRT between healthy controls and patients. 
The results of this analysis are shown in Supplementary Figure 2. There was no statistical 
difference between these measures, suggesting that CST pathways in patient 1, whilst 
abnormal on MEP testing, did not affect the VRT or ART, and therefore that the increase 
in the ∆TSR/∆TAR ratio in Patient 1 represent an adaptive increase in RST output gain.  
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Supplementary Table 1. Control data for the Start-React paradigm, including TSR/TAR ratios, measured from first dorsal 
interosseous EMG onset latency. 
 
ID Age Sex VRT (ms) VSRT (ms) ART (ms) VRT-VSRT (ms) VRT-ART (ms) TSR/TAR 
3CF03 53 male 214.11 137.68 183.99 76.43 30.12 2.537517 
2PS02 48 female 206.6 115.01 153.42 91.59 53.18 1.722264 
1WC06 82 female 286.86 199.27 236.52 87.59 50.34 1.739968 
1ZF08 58 female 261.01 208.78 249.35 52.23 11.66 4.479417 
2MF06 57 female 304.19 184.22 262.65 119.97 41.54 2.88806 
1KL02 63 male 234.54 143.3 209.18 91.24 25.36 3.597792 
1BP02 61 male 203.44 146.29 176.83 57.15 26.61 2.147689 
3HR02 57 female 258.56 179.58 247.24 78.98 11.32 6.977032 
1LS02 46 female 252.23 198.01 238.31 54.22 13.92 3.895115 
1JK05 54 female 270.38 172.88 234.14 97.5 36.24 2.690397 
2EH02 63 female 290.3 242.32 264.54 47.98 25.76 1.862578 
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Supplementary Table 2. Control data for the Start-React paradigm, including TSR/TAR ratios, measured from biceps brachii 
EMG onset latency. 
 
ID Age Sex VRT (ms) VSRT (ms) ART (ms) VRT-VSRT (ms) VRT-ART (ms) TSR/TAR 
3CF03 53 male 197.32 141.41 165.95 55.91 31.37 1.782276 
2PS02 48 female 205.78 115.15 139.87 90.63 65.91 1.375057 
1WC06 82 female 219.85 136.32 174.32 83.53 45.53 1.834615 
1ZF08 58 female 191.02 129.5 161.83 61.52 29.19 2.107571 
2MF06 57 female 306.52 177.33 211.37 129.19 95.15 1.357751 
1KL02 63 male 201.75 113.01 181.54 88.74 20.21 4.390896 
1BP02 61 male 181.06 125.37 167.3 55.69 13.76 4.047238 
3HR02 57 female 185.6 123.84 159.85 61.76 25.75 2.398447 
1LS02 46 female 227.27 172.96 207.79 54.31 19.48 2.787988 
1JK05 54 female 201.26 128.49 162.86 72.77 38.4 1.895052 
2EH02 63 female 250.85 202.97 224.07 47.88 26.78 1.787901 
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Supplementary Table 3. Average Start-React data obtained from both male patients and measured from first dorsal interosseous 
and biceps brachii EMG onset latencies. 
 
ID Age Muscle VRT (ms) VSRT (ms) ART (ms) VRT-VSRT (ms) VRT-ART (ms) TSR/TAR 
Patient 1 68 FDI 236.55 154.4 194.38 82.15 42.17 1.948067346 
  BB 220.62 138.94 195.16 81.68 25.46 3.208169678 
Patient 2 42 FDI 245.95 177.13 221.53 68.82 24.42 2.818181818 
  BB 228.21 161.99 196.96 66.22 31.25 2.11904 
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Supplementary Figure 1. Comparison of mean TSR/TAR ratios calculated from first dorsal interosseous (FDI) and biceps brachii 
(BB) EMG data by age for controls <58 years of age (unfilled bars; n=6) and controls 58 years of age (grey bars; n=5). Error bars are 
standard error of the mean. There was no statistical difference at the 5% level between TSR/TAR ratios.  
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Supplementary Figure 2. Comparison of mean Visual reaction time (VRT), Auditory 
Reaction Time (ART) and Visual Start-React Time (VSRT) in controls (n=11) REEP1 
patients. A. Mean VRT, ART and VSRT measured from the onset of the rectified biceps 
brachii EMG in response to the stimulus. B. Mean VRT, ART and VSRT measured from 
the onset of rectified EMG recorded from right first dorsal interosseous (FDI). Error bars 
show standard deviations. There was no statistical difference at the 10% level between 
VRT, ART or VSRT in patients and controls (2-tail t test). 
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